In this paper, a tunable electro-optical iris with high transmittance, based on polymer dispersed liquid crystal (PDLC) material, and a relevant image enhancement method are combined for digital photography. Our device is controllable by adjusting the voltage and no mechanical and moving components are required so as to improve the stability. The experiments show that transmittance of light throughput is tunable from nearly 0% to 77% by gradually increasing driving voltage. The digital camera system using our PDLC iris can capture the high-contrast image in real-scene photography. To further improve the image quality, we develop an iterative image enhancement method that is able to improve the signal-to-noise ratio by ∼10 times and increase the image brightness simultaneously. The combination of the PDLC electro-optical device and a variant of the enhancement algorithm can also have the potential to be applied in optical imaging and sensing.
Introduction
The optical iris is a light shutter to control the power and angle of light entering the optical system [1] . In photography, light output and beam diameter can be regulated to change the optical flux, field of view, depth of field, and perception angle by adjusting the iris in an imaging system [1] . The most common iris design utilizes sliding blades to control the open area of an aperture. The major drawback is the requirement of mechanical control and the slow speed. In addition, the light intensity is not adjustable using the sliding blades. Recently, more advanced devices were proposed as adaptive irises to control the light intensity or change the diameter of the aperture. Major developments can be classified into the liquid iris [2] - [10] , liquid crystal iris [8] , [11] , [12] , and electrochromic iris [13] , [14] . However, most of these literatures did not investigate the imaging performance.
As for the liquid iris, the common solutions are based on the dielectric force and electrowetting. In one example of the dielectric force [5] , transparent liquid droplet is surrounded by immiscible opaque liquid inside the inner-space of device. As the driving voltage increases, the aperture area is expanded due to the deformation of liquid droplet, and its diameter is tunable by adjusting the voltage. A liquid iris has been utilized in a projection system to eliminate undesirable light [9] .
The optofluidic aperture also benefits from the merits of the liquid iris and can modulate the light spatially or spectrally [10] . Although using liquid is a reliable approach for adaptive irises, the limited tuning range of the aperture size and complex fabrication procedure are the major disadvantages. Moreover, the nature of fluid in the liquid iris leaves the doubt that the influence from vibration or gravity may not be ignored [15] .
In a liquid crystal iris, the orientations of liquid crystal molecules are adjusted by applying a suitable voltage externally [8] , [16] . The driving voltage on liquid crystal is typically small, which provides good feasibility for low power application [8] , [11] , [12] , [17] , [18] . However, the major downside of the liquid crystal is its polarization-sensitive nature, resulting in poor light transmittance as well as low signal-to-noise ratio (SNR).
The electrochromic (EC) iris, with a stepped-tuning aperture, was proposed and provided good transmittance [13] , [14] . Recent progress improved the EC iris to fit it for practical imaging application [14] . The EC iris utilizes the redox effect and the transmittance can be adjusted by the applied voltage. However, the switching time of EC-iris measures 1 s to 70 s since the operation relies on the slow diffusive mass transport of the molecules. This demerit restricts the imaging application of the EC iris.
Polymer dispersed liquid crystal (PDLC) has been shown to be a promising candidate to make a diaphragm [19] , [20] , light shutter [21] , or display device [21] - [24] . However, using a PDLC iris diaphragm in an imaging system has not been demonstrated yet. In this paper, we fabricate a tunable electro-optical iris based on PDLC material. Our PDLC iris contains no mechanical and moving components, and has advantages of low cost, compactness and easy fabrication. The intensity of transmitted light can be controlled by adjusting the external driving voltage. Compared to our earlier work focusing mainly on the PDLC iris devices themselves [19] , [20] , this paper explores the imaging performance using our PDLC iris. By placing the PDLC iris at the aperture position of a digital single lens reflex (DSLR) camera, our imaging system shows that the maximum PDLC transmittance of ∼77% is sufficient to provide good contrast image for photography application. The response time of PDLC iris is about 40 ms, which is decently fast.
However, the light scattering in PDLC iris might degrade the image quality even at the maximum iris transmittance. Therefore, to further improve the image quality, we propose an iterative image enhancement algorithm to mitigate the noise and increase the brightness simultaneously. We design a new filter kernel as the forward process to model the brightness reduction, and its inverse problem inferred from the Gaussian noise formula is solved by introducing augmented Lagrangian multipliers into the cost function [25] . The results show prominent improvement in brightness and SNR with a fast convergence rate. Moreover, the enhancement to the edge features prevails the results using the standard adaptive Wiener filter [26] , [27] . The proposed device and enhancement algorithm have potential to apply to future research progress in optical imaging and sensing.
Fabrication and Camera System
In this section, we describe the fabrication process of PDLC iris and photography application. The fabrication process starts from the Fig. 1(a) ; we first set two rectangular ITO (Indium Tin Oxide: 2cm × 3cm) glasses in orthogonal orientations. In order to provide a space to inject the PDLC liquid mixture, we put the four spacers (Polyester PET Films) with thickness of 12 μm in four corners as shown in Fig. 1(a) . Next, we inject the PDLC liquid mixture which consists of liquid crystal and NOA65 (Norland optical adhesive 65, UV curable) prepolymer, with weighted ratio of 6:4. While injecting, the PDLC liquid will flow into and fill up the inner space between two ITO glasses via capillary action. The curing process of PDLC is using the UV light as illumination source with 300 seconds exposure time. After curing process, the two ITO glass pairs and PDLC are integrated as a single device. Next, we mount a substrate with transparent hole in center onto the bottom of one of ITO glass to form the shape of iris diaphragm. While the large aperture size can provide the shallow depth of field effect for art photography, the small aperture enables the more vision tasks, such as recognition or stereo camera application. The reason is that the resolution of image is consistent across wider range of scene depth using small aperture. Hence, in this work, we restrict the diameter of iris to 2 mm, which can be regarded as pinhole aperture in commercial lens assembly we used.
The Fig. 2 shows the schematic of PDLC iris at off and on state. When driving voltage is lower than threshold voltage, the liquid crystal molecules inside the PDLC are oriented randomly. The index mismatching between polymers and liquid crystal cells results in reduction of effective transmittance due to light scattering. As we increase the driving voltage, the direction of liquid crystal molecules become parallel to direction of external electrical field consistently, resulting in index matching between liquid crystal cells and polymers. Hence, the PDLC transmittance of light as well as open area of clear aperture increases gradually.
In Fig. 3(a) , the transmittance rate of illumination (Laser: 633nm) is measured by power meter and plotted versus voltage amplitude. The transmittance rate starts to increase rapidly after threshold voltage amplitude at ∼20V and almost saturates by (gradually increasing between 70% and 80%) in the range of 50∼100 V. In Fig. 3(b) , we show the illustration of camera system by setting proposed PDLC iris at aperture position of consumer lens assembly (Nikon: NIKKON 50mm 1:1.4). In Fig. 3(c-e) , we show the captured photograph under the driving voltage (1 kHz) of 0V, 20V and 70V (amplitude), respectively. One can observe that the objects becomes visible at 20V with very low transmittance, and then has much better contrast and transmittance to observe the detail of features in the scene at 70V. However, the scattering and attenuation in PDLC itself might reduce the brightness and SNR even at maximum transmittance. In next section, we will demonstrate the proposed image enhancement method to mitigate these two issues so as to improve the image quality.
Image Enhancement
In this section, we describe the detail of proposed image enhancement algorithm which can improve the brightness and SNR of images obtained using the PDLC iris in a single minimization framework. First, we utilize the Gaussian noise n to describe our linear image formation:
The bold font presents matrix-vector notation. b ∈ m×c is the captured color image with total m pixels and c channels (c = 3 for RGB channels); x ∈ m×c denotes the image we want to estimate. N (·) is the normal distribution and σ is the standard deviation of noise. A = h (x)− w is the proposed filter kernel which describes the forward process of brightness degradation during imaging. h (x) is the system response. In motion de-blur or resolution enhancement task, h (x) should be a band-limit kernel. In this paper, we define h (x) = δ(x) for simplicity. w is the degradation factor for window size w × w . In a 5 by 5 window size, the w is set as 0.001∼0.02 empirically. This filter kernel is regarded as forward operator enabling the attenuation of brightness, and can be incorporated into inverse problem of imaging.
Using Bayesian approach to analyze our model, the posterior p (x|y, A, σ) associated with eq. (1) can be related to a likelihood term N (y;Ax, σ 2 I) times a prior term (x). D = [∂/∂x,∂/∂y] T is the partial derivative operator along horizontal and vertical direction. In our image enhancement method, we adapt the Laplacian prior (x) = exp( Dx 1 /σ l ) as edge-persevering constraint [28] . · 1 is the L1 distance and σ l is the diversity of statistics of image gradients in our case. The probabilistic relationship of image formation can be summarized as:
To solve for x from eq. (2), we can model a minimization problem with cost function derived by taking natural logarithm of eq. (2). Next, we introduce the augmented Lagrangian multiplier into our minimization problem, making it possible that our minimization problem can be solved in separated subproblems iteratively with faster convergence rate [25] . The cost function of this minimization 
where λ, y T and ρ are the hyperparameters to modify the penalty strength of each term in eq. (3). · 2 2 is the square of Euclidean distance. In eq. (3), first two terms are natural logarithm of the last expression in eq. (2), and last two terms are augmented Lagrangian multipliers. The benefit to introduce the augmented Lagrangian multipliers as shown in eq. (3) is that not only can it improve convergence rate, but also provides the feasibility to add more prior information for advanced studies. The final enhanced image x is rendered by solving sub-problems system from eq. (3). The solving procedure is summarized in Table. 1. Next, we explain how to solve each subproblem individually.
In Table. 1, there are three unknown vectors: x, z and y should be updated iteratively. While y-subproblem is just simple addition update, the x-and z-subproblems are the other two distinct minimization problems. In x-subproblem, one can observe the cost function is formulated as quadratic equation. Therefore, this cost function is differentiable and can be solved by direct inverse procedure in Fourier domain:
F and F −1 are the Fourier transform and inverse Fourier transform operator, respectively. In z-subproblem, the shrinkage formula is utilized to solve the relevant cost function [29] . Therefore, we have
where u = (1/ρ)y. Our algorithm converges within about 15 iterations.
In Fig. 4 , we show the experimental results to verify the imaging performance of using our PDLC iris system with image enhancement method, where w = 0.01, λ = 0.1 and ρ = 2.5 for all cases. One example where we compare an original image and the enhanced image under 70V is shown in Fig. 4(a) and (b) . In Fig. (c-f) , the zoom-in images present comparison between un-processed images [ Fig. 4(c) and (e)] and results after enhancement [ Fig. 4(d) and (f) ], under 30V, of regions as marked by the yellow and white boxes in Fig. 4(a) . A similar comparison for the case under 70V is shown in Fig. (g-j) . The increased brightness is visible and noise reduction can be observed from zoom-in image pairs. We calculate the SNR to evaluate the performance of noise reduction, where SN R =Ī W /σ W . TheĪ W is the average value and σ W is the standard deviation of all the pixel values inside a window with size W × W . To avoid the influence of intrinsic texture in images on SNR calculation, we choose the texture-less area with size of 100 × 100 pixels marked by white dashed frame in Fig. 4(c-j) to calculate SNR. The SNR shown in Fig. 4(c-j) demonstrate that our algorithm achieves the improvement of SNR by one order of magnitude. Note that although the SNR in the case of 30V is higher than SNR in the case of 70V, the lower transmittance in 30V causes poorer contrast of texture.
In Fig. 5 , we show the comparison between the images obtained using our algorithm [ Fig. 5(a,  c) ] those from the standard adaptive Wiener filter [ Fig. 5(b, d) ]. In addition to the brightness, one can observe that under comparable denoising capabilities, our method provides the better quality at edge features since we apply the edge-preserving Laplacian prior (x) into our algorithm.
Conclusions
In this work, a PDLC-based tunable electro-optical iris without mechanical and moving component, with compactness and low manufacturing cost, is presented. In addition to the iris, we build a camera system using our PDLC iris to assess the imaging performance. Our device shows sufficient transmittance for digital photography application and the driving voltage is in the range of 30∼70 V. The switching time is about 40 ms, and thickness of PDLC layer is 12 μm. Although the driving voltage is relatively high in the PDLC iris, it can be further decreased by reducing the thickness of PDLC layer using thinner spacer in Fig. 1(b) or improved fabrication process. To further improve image quality, an iterative algorithm, based on our filter kernel, Gaussian noise model, and augmented Lagrangian multipliers, is proposed. We verify the prominent performance of increasing the image brightness and mitigating the noise by ∼10 times. Furthermore, in contrast to the standard adaptive Wiener filter, the details of edge information of scenes can be preserved.
In this work, we do not consider the optical resolution; for simplicity, we have assumed the system impulse response, i.e., point spread function, as a delta function in our algorithm. The resolution improvement for an actual system can be achieved with algorithm using prior information of the system response, or blind restoration which regularizes the system response and image gradients simultaneously [30] . This will be a direction of our future work.
